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Two-dimensional (2D) transition metal dichalcogenides (TMDC) have attracted great research interest
due to their potential application in electronics, optoelectronics, electrocatalysis, and so on. To satisfy
expectations, high-quality materials with designed structures are highly desired through the controlled
growth of TMDC. Chemical vapor deposition (CVD) offers facile control in synthesizing 2D TMDC as well
as a high degree of freedom for tuning their structures and properties. In this review, we elaborate on
recent advances in CVD techniques for synthesizing atomically thin TMDC. The novel techniques for
achieving continuous uniform 2D films are provided along with insights into the growth mechanisms.
Moreover, approaches toward high-quality materials by growing large single crystals and oriented do-
mains are thoroughly summarized. The strategies for controlling the crystal thickness, phase, and doping
condition are also discussed. Finally, we address the challenges in the field and prospective research
directions.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Two-dimensional (2D) transitionmetal dichalcogenides (TMDC)
have given great attention owing to their excellent optical [1e6],
electrical [7e13], mechanical [14e19], thermal [20e22], and mag-
netic [23,24] properties which made them ideal candidates for the
applications in photodetectors [25,26], field-effect transistors
(FETs) [12,27,28], energy conversion [29e36], and so on. The
properties of 2D TMDC are closely correlated to their quality, size,
layer number, uniformity, phases, and doping conditions: (1) The
2D TMDC with less defect density possess considerable electronic
properties with high carrier mobility; (2) The band structure of
semiconducting TMDC undergoes a direct-indirect bandgap tran-
sition when the thickness decreases from bulk to monolayer [12];
(3) Devices based on high-quality uniform TMDC films exhibit
stable performance and a long lifetime [37]; and (4) The TMDC in
metallic phase exhibit superior electrocatalytic performance than
those in semiconducting phase [38]. Therefore, high-quality TMDC(A. Amini), chengc@sustech.
ier Ltd. This is an open access artiwith desired structures are the prerequisites for fitting them into
specific practical applications.
Among all the preparation methods, chemical vapor deposition
(CVD) is believed as a scalable and effective method to grow large-
area TMDC with a high degree of freedom to engineer their struc-
tures. For example, the size of atomically thin TMDC can be
increased by optimizing the distance between the deposition sub-
strate and precursors, resulting in a large-scale film suitable for
device fabrications [39e41]. In a CVD process, different growth
temperatures can lead to different growth modes and form
TMDC flakes with different thickness [42], exhibiting layer-
dependent properties. Moreover, using different growth sub-
strates or additives [43e45], the orientations, phases, and the
doping condition of CVD-grown TMDC can be well controlled
which is of significance for electronic and optoelectronic applica-
tions. In the last decade, researchers have made tremendous
achievements in the controlled synthesis of TMDCmaterials via the
CVD technique. However, there are still many issues (e.g. the poor
sample quality compared with those by exfoliation, the limited
grain size, and low reproducibility of the growth) that remain to be
tackled for achieving the industrialization of 2D TMDC materials.
Although few review articles [46e49] previously summarized
the vapor phase growth of TMDC materials, a more focused reviewcle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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uniformity, thickness, doping, and so on is still lacking. Herein, we
present a comprehensive review of recent advances in the
controlled CVD growth of atomically thin TMDC. The recently
developed techniques for controlling the uniformity, size, orienta-
tion, thickness, phase, and doping of TMDC arewell discussed along
with the underlying mechanism. Several key challenges in con-
trolling the growth of 2D TMDC are posed with possible solutions.
2. Controlled growth of 2D TMDC
In general, atomically thin TMDC materials can be prepared
through two strategies. One is called top-down methods, such as
mechanical exfoliation and liquid-phase exfoliation [50,51]. The
samples prepared by mechanical exfoliation are of the highest
quality which can be used for fundamental research. Liquid-phase
exfoliation is a low-cost method that can generate a large quan-
tity of 2D sheets. However, the top-down methods possess poor
control of sample thickness and size which is not suitable for
industrialization purposes. Therefore, bottom-up methods such as
atomic layer deposition (ALD), metal-organic chemical vapor
deposition (MOCVD), and CVD are considered to fulfill the re-
quirements. Although large-area TMDC with controlled thickness
can be prepared by ALD [52,53], the quality of the film is relatively
low. MOCVD suffers from the limited precursors and high cost
required for equipment [54,55]. Instead, CVD possesses a simple
setup and a high degree of freedom tomodulate the structure of as-
grown TMDC. Recently, great achievements have been made in the
CVD growth of 2D TMDC with controlled structures and properties.
In the following part, the state-of-the-art CVD methods for syn-
thesizing high-quality TMDC materials with tunable structures are
discussed.
2.1. Large-area uniform film
The large-area, continuous, uniform, and high-quality
TMDC film is always the desired demand for electronic and opto-
electronic applications. Limited by the CVD setup geometry, reac-
tion activity, and uncontrollable precursor vapor, the as-grown
TMDC films suffer from large variation in the thickness and low
crystallinity [7,56,57]. For a decade, scientists have sought solutions
for growing uniform wafer-scale films [58e60].
One effective method to achieve large-area monolayer is
through self-limited growth (SLG). Liu et al. [61] proposed a Cu-
assisted SLG strategy and fabricated WSe2 monolayer crystals; as
depicted in Fig. 1a, the evaporated Cu atoms were adsorbed on the
as-grown WSe2. According to density functional theory (DFT) cal-
culations for the adsorption energy of Cu and W atoms on the
monolayer WSe2 at several sites, the energy barrier for Cu atoms
(z2.05 eV) was remarkably smaller than that for W atoms
(z7.21 eV). This resulted in complete occupation of the active
surface sites of the hexagonal WSe2 structure by Cu atoms and
prevented further adsorption of W and Se atoms; the subsequent
supplied W and Se precursors were adsorbed at the edge site of
flakes. FET and time-resolved transient absorption measurements
suggested the successful synthesis of highly crystalline monolayer
WSe2 flakes with decent mobility of z45 cm2/V/s. In addition, Zhu
et al. [37] found a layer of hydroxide groups (OH) that were
preferentially attached to the surface of monolayer MoS2 to prevent
the formation of the multilayer. The MoS2eOH bilayeremediated
growth could fabricate inch-sized monolayer MoS2 on the arbi-
trary substrates. Except using a hetero element to prevent multi-
layer growth, SLG can also achieve through restricting the metal
precursor in the growth substrate. Lu et al [62] reported a modified
CVD method by direct sulfurization of the predeposited substrate.The applied glass substrate could incorporate predeposited pre-
cursors into its molten state and then release the metal source for
the sulfurization. The stored metal source in the molten glass was
very limited preventing the aggregation of precursors to form thick
nuclei. Similar SLG was reported through annealing the pre-
deposited precursor on the substrate [63,64]. Therefore, the pro-
posed SLG is a promising direction to achieve a large-area uniform
film.
Other methods have been used to grow wafer-scale films. Yu
et al. [65] achieved the wafer-scale epitaxial growth of highly ori-
ented continuous and uniform monolayer MoS2 films on single
crystalline sapphire wafers by the CVD method (Fig. 1d). Typical
low energy electron diffraction pattern in Fig. 1e shows a sharp
hexagonal diffraction pattern, suggesting the aligned MoS2 lattice.
The epitaxial film is of high quality and stitched by various 0 and
60 domains and 60-domain boundaries. Recently, Yang et al [66]
achieved the batch production of 6-inch uniform monolayer MoS2
on the soda-lime glass substrate (Fig. 1f). The Mo foil was applied as
themetal source instead ofMoO3 powder that resulted in a uniform
distribution of both the precursor and final film on the substrate
(Fig. 1g). Raman mapping in Fig. 1h indicates the 6-inch film with a
perfect uniform monolayer. It is seen that the soda-lime glass
contains Na elements which can act as a perfect catalyst for the
rapid and large-scale uniform growth of monolayer MoS2. DFT
calculations confirm a decreased energy barrier for the growth of
MoS2 through the help of Na. However, there are concerns about
using alkali metal halides as the catalyst [67]. Researchers found
that the introduction of alkali metal may induce the formation of
impurities and loss of epitaxy for the as-grown film; this decreases
the optical and electronic properties of materials [54,67,68]. Further
detailed works are required about the impact of alkali metal halides
on the TMDC growth, mechanisms, andways to improve the quality
of the film.
2.2. Large single crystal
During the CVD growth of 2D-films, grain boundaries may form
which weaken the electronic properties [69]. In fact, the carriers
scattered at the grain boundaries significantly reduce the charge
carrier mobility. As such, preparing high-quality monolayer TMDC
with a low density of defects is important for many applications
including high-tech electronics.
One approach for this target is growing large single crystals from
one nucleus. Reducing the nucleation density during the growth
can result in the formation of large-sized TMDC crystals. Chen et al.
[70] reported the large triangular monolayer MoS2 flakes with the
size up to 350 mm grown on a sapphire substrate with room tem-
perature mobility of up to ~90 cm2/(V$s) on SiO2 (Fig. 2a). The size
of MoS2 domains can be greatly improved by introducing a small
amount of oxygen, where it acts as an etching reagent during the
growth process and prevents unwanted nucleation. Gong et al. [71]
reported the millimeter-scale MoSe2 single crystals and continuous
macrocrystalline films with relatively high mobility of 42 cm2/V/s
(Fig. 2b). By tuning the flow rate, growth temperature, and H2
concentration during the CVD growth, the nucleation density was
majorly reduced from 105 to 25 nuclei cm2.
One of the key challenges in suppressing the nucleation density
is the uncontrolled precursor vapor during the CVD process which
induces unwanted nucleation. Recently, a simple but effective
approach [72] was introduced by using a solution-processed pre-
cursor deposition for growing large-scale and highly crystalline
molybdenum disulfide monolayers. The nucleation density was
efficiently reduced by introducing an extremely small amount of
MoO3 (~0.01 mg) to suppress the supersaturation state of the vapor
reactants. Within 5 min, highly crystalline and uniform MoS2
Fig. 1. (a) The setup of Cu-assisted self-limited growth process. (b) Schematic illustration of the Cu-assisted self-limited process to obtain WSe2 single crystals. (c) Optical image of
the as-prepared strictly monolayer WSe2 crystals at low magnification. Reproduced with permission [61]; copyright 2016, Wiley-VCH. (d) Photographs of 2-in MoS2/sapphire and
sapphire substrate. (e) Low energy electron diffraction (LEED) pattern of monolayer MoS2 on sapphire and the lattice orientation of sapphire wafer at the incident electron energy of
147 eV. The zigzag and armchair directions of MoS2 were parallel to 1120 and 1100 directions of sapphire, respectively. The orientation of MoS2 lattice aligned with sapphire.
Reproduced with permission [65]; copyright 2017, American Chemical Society. (f) Photograph of a 6-inch continuous MoS2 film on soda-lime glass synthesized at a period of ~8 min.
(g) Photographs of MoS2 growth on 6-inch soda-lime glass using Mo foil as precursors. The gas flow direction was from left to right. (h) Color-coded images of the typical Raman
modes for the samples shown in (g) collected from 70 positions (with an interval of 2 mm along the horizontal direction). Reproduced with permission [66]; copyright 2017, Nature.
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wafer-scale domain size of up to 500 mm (Fig. 2c). In another study,
Lim et al. [73] modified the CVD reactor by introducing a nickel
oxide (NiO) foam as a chemical barrier. The NiO barrier reactedwith
MoO3 and reduced the concentration of precursors reaching the
substrate and, thus, suppressed the nucleation density. The MoS2
grains with sizes of up to 170 mm were obtained along with
continuous monolayers at the centimeter length scale.
To date, the largest single-crystal TMDC domainwas reported by
Chen et al. [74] who used the molten glass as the substrate. At high
temperature, the molten glass formed a homogeneous and quasi-
atomic smooth surface and reduced the nucleation sites for
growing largeMoSe2 crystals (Fig. 2d). The size of monolayerMoSe2
single crystals on the molten glass could reach to as large as
~2.5 mm. Moreover, the as-fabricated MoSe2 FET exhibited
considerable carrier mobility of 95 cm2/V/s and an on/off current
ratio of 107 which ensured the high quality of large crystals.
Another strategy for growing millimeter-scale single crystals was
reported by Gao et al. [75]. The application of Au substrates
decreased the barrier energy for the sulfurization of the WO3 pre-
cursor. In addition, the segregation and precipitation processes for
growing multilayer crystals were greatly suppressed due to the low
solubility of tungsten in Au. As a result, the large-sized WS2 single
crystals were grown on Au, after a self-limited surface catalytic
process. Besides WS2, Au effectively promoted the growth of WSe2
and increased the grain size up to millimeter [76]. Theoretical cal-
culations revealed that the ultrafast growth of WSe2 was attributed
to the small energy barriers and exothermic characteristic for the
diffusion and attachment of W and Se at the edges of WSe2 on the
Au substrate. By introducing other growth additives (e.g. alkali
metal halides), MoSe2 monolayers were promoted to millimeter
size scale [77].
So far, single crystal 2D TMDC with millimeter-scale size can be
synthesized through the CVD method (Table 1). However,
compared with the size of CVD-grown single crystal graphene, the
size of CVD-grown TMDC is still too small. More efforts are needed
on developing novel approaches for further increasing the growthrate or decreasing the nucleation density to attain centimeter or
even decimeter size 2D TMDC single crystals.
2.3. Aligned crystals
Althoughmillimeter-sized TMDC single crystals can be achieved
by using CVD methods, the misoriented lattice growth inevitably
causes the formation of grain boundaries and defects between
adjacent 2D domains, which have negative effects on the overall
properties. It is believed that the seamless stitching of oriented
TMDC generates large-area single crystals without grain bound-
aries [80]. Another strategy for eliminating the grain boundaries is
controlling the growth direction of 2D TMDCwhich can conclude in
obtaining large-area film with high quality. Owing to the serious
challenges, many efforts have been dedicated to synthesizing
wafer-scale aligned 2D TMDC and the underlying mechanism.
The substrate plays a crucial role in controlling the growth di-
rection of TMDC. The aligned growth depends on the symmetry and
lattice match between the substrate and the as-grown sample. The
c-sapphire substrate has been widely applied for the synthesis of
aligned TMDC owing to its close symmetry and compatible lattice
constant with semiconducting TMDC materials [39,81e83]. Dum-
cenco et al [84] reported the aligned growth of monolayer MoS2 on
the c-sapphire substrate (Fig. 3a). Three basic aligned directions are
found with the lattice rotation angles of 0, 60, and 30. Local
potential mapping along channels in FETs shows that the single
crystal MoS2 grains in the film are well linked and that there is
no significant degradation in electrical conductivity. Later, re-
searchers found that long-time annealing at high temperature
induced an atomically thin terrace on the c-sapphire surface which
helped the alignment of TMDC growth [85]. WSe2 followed a step-
edge-guided growth process on the annealed sapphire substrate. In
that process, the monolayer WSe2 preferred to nucleate along the
periodic atomic step-terrace structure resulting in aligned growths.
Besides the c-sapphire, other substrates with close symmetry and
lattice match exhibit similar function in forming perfectly ordered
TMDC flakes [86,87]. Yu et al. [88] reported the epitaxial growth of
Fig. 2. (a) Optical images of MoSe2 grown on sapphire for 30 min with 2 sccm O2 flow. Reproduced with permission [70]; copyright 2017, American Chemical Society. (b) Optical
image of MoSe2 single crystal triangles, where the edges are longer than 1 mm. Reproduced with permission [71]; copyright 2016, Wiley-VCH. (c) Optical image of MoS2 crystals
grown by using MoO3 solution in NH4OH as the precursor, scale bar is 100 mm. Reproduced with permission [72]; copyright 201, Wiley-VCH. (d) Scheme showing the CVD process
for the synthesis of MoSe2 crystals on molten glass. (e) Photograph of MoSe2 crystals grown on molten glass. (f) Optical images of MoSe2 crystals grown on molten glass, scale bar is
500 mm. Reproduced with permission [74]; copyright 2017, American Chemical Society. (g) Optical image of millimeter-sized triangular monolayer single crystal WS2 domains on an
Au foil. Reproduced with permission [75]; copyright 2017, Nature.
Table 1
Latest progress in the CVD growth of large-sized single crystal MX2 (M: Mo, W, X: S, Se)-type TMDC.
Material Growth temp. (C) Precursors Gas Substrate Size (mm) Ref.
MoSe2 1050 Mo foil, MoO3, Se Ar Molten glass 2500 [74]
MoSe2 750 MoO3, S Ar/H2 SiO2/Si 1600 [71]
MoSe2 700e800 MoO3, NaCl, Se Ar/H2 SiO2/Si 1200 [77]
MoSe2 950 MoO3, Se Ar/H2 Au foil 1000 [75]
WSe2 800 WO3, S Ar Au foil 790 [76]
MoS2 800 MoO3 in NH4OH, S Ar SiO2/Si 500 [72]
MoS2 850 MoO3, S Ar SiO2/Si 415 [78]
MoS2 720 Mo foil, S Ar/O2 Soda lime glass 400 [66]
MoS2 850 MoO3, S Ar/O2 SiO2/Si 350 [70]
WS2 750 WO3, S Ar SiO2/Si 178 [79]
MoS2 775 MoO3, S, NiO N2 c-sapphire 170 [73]
J. Wang et al. / Materials Today Advances 8 (2020) 1000984monolayer MoS2 on the h-BN layer (Fig. 3b). Only relative rotation
angles of 0 or 60 between MoS2 and h-BN basal plane were
created through the developed low-pressure CVD process. Domains
with same orientation stitched and formed single crystals, while
domains with different orientations stitched and formed mirror
twin boundaries. Ruzmetov et al. [89] applied a semiconducting
substrate GaN for orienting the growth of monolayer MoS2 (Fig. 3c).The GaN substrate had an in-plane lattice mismatch of <1% with
MoS2 crystal while the match of thermal expansion coefficients
resulted in a relaxed (unstrained) state of MoS2 film. Substrates, for
example, graphene, mica, and so on, have a similar ability for
controlling the growth direction [90e93].
Owing to the complexity of the CVD process, the misaligned
growth occurs even on lattice-matched substrates. To fully
Fig. 3. (a) Optical image of monolayer MoS2 flakes grown on atomically smooth sapphire; inset depicts the reflection high-energy electron diffraction pattern. Reproduced with
permission [84]; copyright 2015, American Chemical Society. (b) Atomic force microscopy image of monolayer MoS2 domains grown on a smooth h-BN surface, the height of domain
was 0.646 nm, only 0 and 60 domains were observed on the h-BN table. Reproduced with permission [88]; copyright 2017, Wiley-VCH. (c) Scanning electron microscopy (SEM)
image of MoS2 monolayer triangles on GaN epitaxial crystal. The scale bar is 1 mm and is aligned with the (1100) plane of GaN. (Inset) Orientation of the (1100) plane of hexagonal
crystals of GaN and MoS2 is shown. Reproduced with permission [89]; copyright 2016, American Chemical Society. (d) Schematic illustration of vapor concentration ratio-dependent
growth direction. (e) Illustration of sulfur temperature-dependent MoS2 orientation. Yellow, dark gray, light gray, and pink colors show S, Mo, Al, and O atoms, respectively.
Reproduced with permission [94]; copyright 2017, American Chemical Society. (f) Schematic illustration of the Au(111) formation and MoS2 growth process. Reproduced with
permission [101]; copyright 2020, American Chemical Society.
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have investigated the impact of other factors besides the substrate. It
was debated whether the special substrate preannealing process is
the key to the alignment of TMDC triangular domains. Aljarb et al.
[94] reported the ratio of precursor concentration that played a
critical role in the orientation of as-grown monolayer MoS2. The
growth direction of as-grown MoS2 is well controlled at the high
sulfur region as shown in Fig. 3d. High S/MoO3 ratio is preferred at
the early growth stage for forming small seeds to become easily
aligned with the substrate. To increase the size of the monolayer, the
ratio should be decreased in the next stage of the lateral growth.
Suenaga et al. [95] further confirmed the impact of the S/MoO3 ratio
on the growth direction of monolayer MoS2 and obtained a similar
trend with the work by Aljarb et al [94]. In addition, they found that
MoS2 tended to grow with a þ30 angle to the 1e100 direction of
sapphire at an extremely high ratio of S/MoO3. Compared with those
of randomly oriented grains, the size of the aligned MoS2 domains
was smaller with weaker photoluminescence (PL). This was attrib-
uted to the strong interfacial coupling in the aligned flakes.
In addition to the substrates with close symmetry to MX2, at-
tempts have been made on exploring substrates with different
symmetries lately. Wang at al [96] reported the application of a m-
plane single crystal quartz substrate for controlling the growth
direction of monolayer WS2. The alignment was different from that
reported for hexagonal symmetric substrates such as sapphire. The
m-quartz is 2-fold symmetric with anisotropic lattice match withas-grown WS2. This indicates that the symmetrical similarity be-
tween the substrate and as-grown materials is not the prerequisite
for controlling the growth direction. Ma et al. [97] achieved the
epitaxial growth of highly aligned MoS2 grains on another 2-fold
symmetric substrate (a-plane sapphire). It was found that the
growth temperature played a key role in the orientation control
and that high temperature benefited the rotation of initial MoS2
seeds to the favorable orientation configurations.
Although aligned growth of TMDC has been achieved on many
substrates, the antiparallel domains with 0 or 60 orientations are
inevitably formed which generates twin boundaries after merging
together [65]. These twin boundaries hinder the electrical and
optical properties of as-fabricated devices [98]. Very recently, single
crystal hexagonal boron nitride (h-BN) monolayer was reported on
a Cu(110) vicinal surfacewith unidirectional alignment [99]. Similar
results were also observed on Cu(111) for unidirectional aligned h-
BN growth [100]. It is believed the presence of atomic steps on
these metal surfaces can break the equivalence of 0 and 60 domain
orientations. Inspired by the earlier mentioned achievements in h-
BN growth, Yang et al [101] reported the identically oriented MoS2
monolayers on vicinal Au(111) thin films. By melting and resolidi-
fying commercial Au foils on W foils, the Au(111) facet can be ob-
tained. Through precisely controlling the S/Mo ratio,
unidirectionally oriented MoS2 domains can be achieved.
Compared with single crystals formed via one nucleus, the
multinucleation approach toward large single crystals might be
J. Wang et al. / Materials Today Advances 8 (2020) 1000986more practical for the scalable device fabrication. Future works may
focus on novel substrates for better controlling the growth direction
of TMDC. Substrates such as single crystals (different faces), amor-
phous metals (inert to chalcogen precursors), oxides, and nitrides
with engineered surface morphologies are to be explored.
2.4. Layer number
2D TMDC have layer-dependent properties. For example, the
bandgap of semiconducting TMDC, such as MoS2, increases by the
decrease in the number of layers. A direct-to-indirect transition
occurs in the band structure when the thickness reduces to
monolayer [12,102e104]. The monolayer MoS2 exhibits an
enhanced PL emission when compared with a few-layer counter-
part [3]. Besides, the bilayer TMDC are more beneficial for tran-
sistors, logic devices, and sensors because of their high carrier
mobility and density of states at room temperature [105e107]. As
such, controlling the number of layers and the stacking order is of
great significance for certain applications.
Recently, some effective approaches have been made to control
the second layer growth of TMDC. Zhang et al. [108] reported the
controllable growth of bilayer MoS2 through reverse gas flow
(Fig. 4a). This reverse carrier gas flow from the substrate to the
precursor source prevented the unwanted nucleation on the first
layer of MoS2 flakes. Upon increasing the growth temperature with
reverse flow, the second layer growth can be triggered from the
center of the first layer. By further changing the growth tempera-
ture, the AA and AB stacking orders of the bilayer flakes can be well
controlled due to their different thermodynamic energy. Then, the
triangle and hexagonal MoS2 with a fully covered second layer can
be obtained (Fig. 4b). Mandyam et al. [109] demonstrated the se-
lective growth of WSe2 bilayer flakes with a mixture of sodium
cholate and sodium chloride as the growth promoter (Fig. 4c). The
key to controlling the second layer growth is to optimize theFig. 4. (a) Schematic diagram of the reverse-flow chemical vapor epitaxy process for bilayer
with different stacking structures: 750 C for AA stacking bilayer crystals and 800 C for A
grains. The scale bar is 100 mm. Reproduced with permission [108]; copyright 2019, Nature
Reproduced with permission [109]; copyright 2019, American Chemical Society. (d) Evol
thickness (inset) of NiTe2 single crystals grown at ~530, ~550, ~570, ~590, ~620, ~650, and ~
Chemical Society.diffusion of the tungsten source. The sodium cholate can neutralize
the function of sodium chloride by avoiding the excessive evapo-
ration of tungsten. With the molar ratio of 1:10 for C24H40NaO5:
NaCl, the large-area bilayer WSe2 can be obtained.
Besides the bilayer growth, researchers have explored the
possible methods for growingmultilayer TMDCwith tunable layer
numbers. Zhao et al. [110] reported the controlled growth of 2D
NiTe2 single crystals with highly uniform thickness (Fig. 4d). In
their work, the relation between growth temperature and growth
kinetic was well discussed. The growth was processed kinetically
at the low temperature while the lateral growth was facilitated
upon the increase of the nucleation rate. On the contrary, at high
temperatures, the growth was more governed thermodynami-
cally, and the nucleation rate was significantly suppressed to
benefit the vertical growth of 2D NiTe2. Through the rapid sulfu-
rization of Mo oxides in a confined space, Zheng et al. [111] syn-
thesized the multilayer MoS2 with a controlled thickness (Fig. 5a).
By electrochemically oxidizing the Mo foil, Mo oxides were ob-
tained. By simply controlling the electrochemical anodization
conditions to yield MoOx precursors, the thickness of the multi-
layer MoS2 flakes was tuned between 1L and >20L (Fig. 5b). The
simulated scanning transmission electron microscopy (STEM)
images of 3e8L MoS2 (Fig. 5c) agreed well with the experimen-
tally captured images and confirmed the AA-stacked configura-
tion of flakes. These AA-stacked flakes broke the inversion
symmetry, as a great demand for non-linear optics and valley
polarization physics. Moreover, Yang et al [112] reported a fast
growth of thickness-tunable multilayer MoS2 flakes on the soda-
lime glass by using NaCl-coated Mo foils as metal precursors. By
controlling the concentrations of NaCl promoter, the MoS2 thick-
ness was tuned in a range of 1L to >20L. Therefore, the control
over the metal source is the key to modulate the thickness of
TMDC flakes. Dense metal source benefits the growth of multi-
layer TMDC.MoS2. Different growing temperatures at C-D stage can result in bilayer MoS2 crystals
B stacking one. (b) Representative optical image of the as-grown bilayer MoS2 crystal
. (c) The schematic and optical image of cholate assisted the growth of bilayer WSe2.
ution of nucleation density, lateral dimension, the representative morphologies, and
700 C. Scale bar is 5 mm. Reproduced with permission [110]; copyright 2018, American
Fig. 5. (a) Schematics of the CVD growth of MoS2 using arched oxidized Mo foil as the precursor. (b) Optical images of MoS2 flakes with 1, 2, 3, 4, 6, 9, and 10 layers (L). Scale bar is
5 mm. (c) Simulated scanning transmission electron microscopy high-angle annular dark-field (STEM-HAADF) image of 1e8 L MoS2 from left to right. Scale bar is 1 nm. (d) Atomic
configuration of AA stacked ML MoS2. The direction of in-plane MoeS bonds was the same and S atoms of the top layer overlapped with the hexagonal centers of the bottom layer.
Reproduced with permission [111]; copyright 2017, Wiley-VCH.
J. Wang et al. / Materials Today Advances 8 (2020) 100098 7Although some strategies have been developed for the growth
of the multilayer domain, the resultant samples suffer from limited
size and area. Synthesizing a uniform large-area film with
controlled multilayer thickness is yet a challenge. In addition,
precise control over trilayer or even thicker TMDC calls for
continuous research studies to suit demanding applications.2.5. Phase
The 2D TMDC materials contain many phases which exhibit
metallic, semimetallic, semiconducting, and superconducting be-
haviors. The most stable phase of TMDC, 2H phase, is formed with
trigonal prismatic coordination of the metal atoms. TMDC exhibit a
1T phase when the chalcogen layer shifts to an octahedral phase
with octahedral coordination of metal atoms. 1T phase can be ob-
tained when the octahedral is distorted. Generally, TMDC under the
2H phase are semiconductors, and they have metallic characteris-
tics when dominated by the 1T phase. Their phase-dependent
properties can be applied in electronic, catalytic, and optoelec-
tronic applications. For example, it is reported that the metallic 1T
phase of MoS2 can be locally induced on semiconducting 2H phase
nanosheets, thus decreasing contact resistances and improving the
performance of the FET device [113e116]. Increasing the concen-
tration of the 1T phase in semiconducting TMDC nanosheets
significantly enhances the catalytic performance of pristine catalyst
[33,117,118]. The responsivity of TMDC based photodetectors can be
altered and improved via the phase engineering [119,120]. How-
ever, the stable 2H phase is easy to achieve while the direct growth
of metastable phases is challenging due to the high formation en-
ergy. Therefore, the precise control of metastable phases is of great
importance for practical applications.
Liu et al. [121] designed a potassium (K)-assisted CVD method
for the phase-selective growth of 1T0 MoS2 monolayers and 1T0/2H
heterophase bilayers. Based on their theoretical calculations, when
the K concentration is beyond 44%, 1T’-KxMoS2 is more stable than
2H-KxMoS2 (Fig. 6a). By tuning the concentration of K, 1T’- and 2H-
KxMoS2 can be changed under a reductive and inert atmosphere.
According to the summarized growth mechanism in Fig. 6c, upon
using K2MoS4 as the precursor, the phase of MoS2 products isgreatly affected by the concentration of H2 and growth tempera-
ture. As confirmed by the STEM image and SAED patterns in Fig. 6d,
the 1T’-MoS2 flakes are obtained under adequate K in the H2 at-
mosphere, while monolayer 2HeMoS2 crystals grown in the Ar
atmosphere are evidenced (Fig. 6e).
Another effective approach to control the phase is changing the
growth temperature which is attributed to the small variations in
ground-state energy between different phases. Sung et al. [122]
reported the controlled growth of metallic (1T0) and semi-
conducting (2H) MoTe2 crystals by tuning the growth temperature.
Fig. 6f shows that the few-layer 1T’-MoTe2 crystals can be grown at
710 C while few-layer 2HeMoTe2 were obtained at 670 C. The as-
grown 1T’ and 2H phase MoTe2 crystals are verified by the STEM
images in Fig. 6g and h where 1T’ phase exhibits the monoclinic
unit cell and the 2H phase has a hexagonal unit cell. Similar efforts
have been made by changing the growth and quench temperatures
in the same CVD process. The single- and few-layer samples of all
three phases of MoTe2 (2H,1T, and 1T0) have been selectively grown
[123]. Yang et al. [124] reported a continuous phase transformation
of MoTe2 with four different phase stages by tuning the carrier gas
flow rate and growth temperature. The tellurization velocity was
rigorously controlled to obtain 100% 2H phase MoTe2, while the
100% 1T0 phase required a fast tellurization velocity.
Many approaches [114,125e129] have been proposed to control
the metastable phase such as alkali metal intercalation, laser irra-
diation, mechanical force, and so on. However, facile methods for
obtaining continuous-phase transition and evolution of CVD-
grown TMDC are still missing. Most of the previously reported
works have focused on Te-based TMDC, while the phase control
over S and Se-based TMDC is still lacking.2.6. Atomic doping and alloy
Elemental doping is another effective approach to tuning the
properties of TMDC. Generally, the dopant atoms are incorporated
into the crystal lattice by replacing the lattice atoms or stuffing into
the interstitial sites of the lattice. For atomic doping, the doped
atom concentration should be lower than a certain value to ensure
that the intrinsic crystal structure is not completely changed. For an
Fig. 6. (a) Schematic illustration of the synthesis route of 2H- or 1Tʹ-MoS2 through controlling the formation energy. The inset plot displays the difference in the formation energy
between 1Tʹ- and 2H-KxMoS2 as a function of K concentration. (b) Schematics for the lattice structures of 1T0 -phase and 2H-phase MoS2. (c) Phase diagram for the growth of MoS2
by using a K2MoS4 precursor as a function of the growth temperature and the H2 concentration. (dee) Atomically resolved filtered scanning transmission electron microscopy
(STEM) images of 1T0and 2HMoS2 flakes. Insets of d and e are selective area electron diffraction (SAED) patterns of 1T0 and 2HMoS2 flakes, respectively. Reproduced with permission
[121]; copyright 2018, Nature. (f) Sequential growth scheme for coplanar heteroepitaxy of 1T0/2H MoTe2 polymorphs. (g) High-magnification HAADF-STEM image of a 1T0-MoTe2
monolayer obtained by the multislice method with a superimposed unit cell schematic. (h) High-magnification HAADF-STEM image of few-layer 2HeMoTe2 with a superimposed
unit cell schematic (white dashed square). Reproduced with permission [122]; copyright 2017, Nature.
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and, therefore, the property of crystal may be completely changed.
Atomic doping of 2D TMDC can be performed by postannealing,
plasma, chemical treatment, and so on [130e139]; however, the
concentration and location of dopants are hardly controlled via
these methods. Doping heteroatom during the CVD process pro-
vides an effective approach to control the doping condition. Here,
we mainly focused on the non-TMDC elements (e.g. Cr, Fe, Mn) for
atomic doping. Zhang et al. [140] reported in situ doping of
monolayer MoS2 with manganese (Mn) via vapor phase deposition
techniques (Fig. 7a). They found the growth substrate is critical for
Mn doping. The inert substrates (i.e. graphene) permit <2% incor-
poration of Mn in MoS2 (Fig. 7b), while substrates with reactive
surface terminations (i.e. SiO2 and sapphire) prevent Mn incorpo-
ration and merely lead to defective MoS2. Room temperature cur-
rent-voltagemeasurements in Fig. 7c suggest that the doping of Mn
in MoS2 leads to the high density of localized states that modify the
electronic properties. Very recently, Cai et al. [141] designed a dual-
additive assisted CVD for the growth of Mn-doped 2D MoS2 with
tunable electronic properties. NaCl additive helped in promoting
the substitutional doping and increased the concentration of Mn
dopant to 1.7 at %. MnO2 additive reshaped the morphology and
increased the lateral size of Mn-doped MoS2. Xu et al. [142] re-
ported the doping of rare-earth elements into MoS2 via a matrix-assisted sustained-release CVD method (Fig. 7d). Eu2O3 was
mixed with NaCl and SiO2 as the doping precursor. During the CVD
process, NaCl improved the evaporation of Eu2O3 while excess SiO2
acted as a melting-assisted medium for the continuous release of
Eu. The scanning transmission electron microscopy high-angle
annular dark-field image in Fig. 7e confirms the intercalation of Eu
in the MoS2 crystal. Low temperature (5 K) PL spectra in Fig. 7f
shows the significantly enhanced peak located at 723 nm for Eu-
doped MoS2; this is generated from the 4fe4f transitions of Eu3þ.
Besides the single heteroatom doping, Duan et al. [143] examined
doping the single monolayer MoS2 by two heteroatoms simulta-
neously (Co, Cr). Compared with the case using the separate
transition-metal oxides and MoO3 as the precursors, the mixing of
Co, Cr, and MoO3 at the molecular level formed Co, Cr-doped MoS2.
A 90-fold enhancement of saturation magnetization and 35-fold
enhancement of PL intensity was induced in Co, Cr-doped MoS2
compared with the pristine MoS2. Other doped TMDC such as
donor-doped MoSe2 can be achieved by using metal foils (Fe, Cu, or
Ni) as precursors [144].
Compared with atomic doping, the percentage of doped atoms
in 2D alloyed TMDC can be more flexible. One type of 2D
TMDC alloy is MXxX’2(1-x) where intrinsic chalcogen atoms are
replaced by other ones. For 2D TMDC materials, doping chalcogen
atoms is easier than doping the metal atoms because the metal
Fig. 7. Atomic doping of non-TMDC elements. (a) Schematic of CVD growth of Mn-doped MoS2. (b) HAADF-STEM image of Mn incorporated at the MoS2 domain boundary. (c) The
gate-dependent conductance G(Vbg) indicates that the Mn-doping can increase the density of states in the bandgap of MoS2 and, thus, lower the saturation conductance.
Reproduced with permission [140]; copyright 2015, American Chemical Society. (d) Illustration of the growth of monolayer MoS2 single crystals doped with Eu. (e) HAADF-STEM
atomic image of the monolayer MoS2 single crystals doped with Eu. (f) Low-temperature PL spectra of intrinsic MoS2 and Eu-embedded MoS2. Reproduced with permission [142];
copyright 2018, Wiley-VCH.
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reported the one-step CVD process for growing 2D MoS2xSe(1-x)
crystals by simultaneously providing S and Se sources during
growth. A similar method was applied by Fu et al. [146] to syn-
thesize the monolayer WS2(1ex)Se2x with a tunable bandgap. They
found the PL spectra are strongly dependent on the S and Se con-
tents. Li et al. [147] further developed the CVD process by movingFig. 8. Doping TMDC elements in alloys. (a) Schematic for the setup used for the lateral gr
mapping for the three detected elements: Mo, S, and Se, respectively. (c) Position-depend
image (inset: scale bar, 5 mm). (d) Position-dependent compositions and bandgap values
Society. (e) Schematics of the arrangement of WCl6, sulfur, MoO3, and substrate in the CVD
furnace. (f) HAADF-STEM image and energy disperse spectroscopy element mappings of M
2015, Nature.the source during growth to achieve the composition-graded
MoS2xSe2(1x) nanosheets. As illustrated in Fig. 8a, the S and Se
powder were placed in separated quartz rods which can be shifted
by step motors through magnetic force during the growth. After
1 min of growth at 780 C, the Se powder was introduced to a high-
temperature region while the S was pulled from a high-
temperature region. The source moving process leads to aowth of composition-graded atomic layer MoS2(1-x)Se2x nanosheets. (b) 2D elemental
ent PL spectrum of a lateral composition-graded MoS2(1x)Se2x nanosheet and optical
of the sheet. Reproduced with permission [147]; copyright 2015, American Chemical
system. They were placed from upstream to downstream at four different zones of the
o, W, and S took from a triangular flake. Reproduced with permission [150]; copyright
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composition-graded ternary MoS2xSe2(1x) as evidenced by the
energy dispersive X-ray spectroscopy spectra in Fig. 8b. The
position-dependent PL spectrumwith respect to Semole fraction of
a typical MoS2xSe2(1x) sample (Fig. 8c and d) indicates the
continuous variation of the composition from the center to the edge
can modulate the band structure of the nanosheets. In addition,
Umrao et al. [148] synthesized few-layer MoS2xSe2(1x) crystals
with homogeneous substitution of ~2 atomic weight % Se
throughout the crystal. Recently, Lu et al. [149] used the inductively
coupled plasma CVD to synthesize monolayer Janus MoSSe crystal
with a strict S:Se ratio of 1:1, and the distribution of S and Se is well
confined in different layers. By stripping the top-layer S atoms from
as-grown MoS2 monolayer, intermediate MoSH was obtained. The
subsequent thermal selenization of MoSH leads to the formation of
Janus MoSSe.
Two-dimensional MxM’1-xX is another type of alloy with tran-
sition metal atoms partially substituted by other ones. Wang et al.
[150] found the evaporation temperature of WCl6 close to the re-
action temperature of MoO3 and S. By using a four-zone CVD pro-
cess (Fig. 8e), they achieved a monolayer Mo1-xWxS2 with
homogeneous concentration gradient (Fig. 8f). By tuning the ratio
between MoO3 andWCl6, the Mo/W ratio in alloy crystals and their
properties were further modulated. In addition, WO3 and MoO3
powder could be applied as the precursors for the growth of MxM’1-
xX alloy. Liu et al. [151] reported the monolayer triangular
WxMo1xS2 crystals by atmospheric pressure CVD with separately
placed WO3 and MoO3. A similar process was reported by Zhang
et al. [152] with WO3 and MoO3 precursors placed together.3. Summary and outlook
In this review, we elaborate on recent achievements about the
CVD growth of atomically thin TMDC crystals. The state-of-the-art
methods and the underlying mechanisms of controlling the uni-
formity, crystal size, film area, number of layers, growth orienta-
tion, and doping of 2D TMDC are carefully reviewed. There is no
doubt that the CVD method has been greatly developed in the past
decade for 2D TMDC growth, developing their applications. How-
ever, compared with graphene, the exploration of 2D TMDC growth
is still in its infancy and many critical challenges yet remain.
One of the key challenges in the vapor phase growth of TMDC is
to precisely control the vapor concentrations of reactants
throughout the CVD process, which is of significance for the large-
scale fabrication of devices and other applications. Because the
evaporation of solid precursors is not constant during the growth
process, the reaction activity of the system may quickly decrease
and, thus, result in defective crystals with limited lateral size. A
steady vapor flow with a homogeneous distribution during the
growth is highly desired for the controlled growth of TMDC. Besides
the careful optimization of the growth parameters, such as tem-
perature or precursor mass, novel designs of the CVD system are
waiting for development.
Besides, controlling the layer number of CVD-grown 2D TMDC is
another issue in this field because TMDC exhibit layer-dependent
properties. However, only a few articles provide effective ap-
proaches for the controlled growth of bilayer TMDC. The trilayer or
multilayer uniform 2D TMDCwith high uniformity can be prepared
via a CVD method with difficulty. It has been recently reported that
the reverse flow can effectively control the nucleation on the as-
grown TMDC surface [108]. It remains unclear whether multiple
changes in the flow direction can further control the nucleation on
the second layer of TMDC to form trilayer crystals with uniform
thickness.As a matter of fact, the phase control of TMDC via the CVD
method has a long way to go. Although few attempts have been
made to grow metastable phase TMDC, they tend to revert to the
thermodynamically stable phase under the increasing temperature
or other disturbances. This calls for the proper choice of precursors
or additives for stabilizing the metastable phase of CVD-grown
TMDC.
Controlling the distribution and concentration of heteroatoms
in doped TMDC is yet a challenge. It is believed that the doped
TMDC with desired doping concentration and well-positioned
dopant at the atomic level would enable more flexibility for tun-
ing the properties.
Despite the aforementioned challenges, the novel design of CVD
setup with proper choices of precursors, additives, substrates, and
so on may provide numerous opportunities for future applications
via controlled TMDC structures.
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